We report on the longitudinal and Hall resistivities of a HgTe quantum well with inverted energy spectrum (dQW = 20.3 nm) measured in the quantum Hall (QH) regime at magnetic fields up to 9 T and temperatures 2-50 K. The temperature dependence of the QH plateau-plateau transition (PPT) widths and of variable range hopping (VRH) conduction on the Hall plateaus are analyzed. The data are presented in a genuine scale form both for PPT regions and for VRH regime. Estimations for the degree of the carrier localization length divergence reveal a decisive role of the long-range random potential (the potential of remote ionized impurities) in the localization-delocalization processes in the QH regime for the system under study.
I. INTRODUCTION
A remarkable property of the HgTe-based quantum well (QW) structures is that transitions between band insulator (BI), topological insulator (TI) and semimetal (SM) phases may be achieved by tuning the quantumwell thickness d QW 1-6 (see, for example, Fig.1 in Ref. 4 ). The ordinary 2D insulator state is realized at small well widths (up to a critical thickness d C ≈ 6.3nm) 1 , while 2D TI exists at larger well widths (up to d QW ≈ 14nm) [2] [3] [4] . For the width d QW ≈ (18 − 20) nm and wider quantum wells SM 2D state with overlapped conduction and valence 2D bands is realized [4] [5] [6] . A clear model for the physics of the relevant subbands of HgTe/CdTe QW based on the bulk HgTe and CdTe band structure is presented in Ref. 1. It is well-known that both HgTe and CdTe bulk materials have the zinc-blende lattice structure where important bands are close to the Γ-point in the Brillouin zone, and they are the s-type band (Γ 6 ) and the p-type band, which is split to a J = 3/2 -band (Γ 8 ) and a J = 1/2 -band (Γ 7 ) by spin-orbit coupling.
CdTe has a "normal" band order with Γ 6 conduction band and (Γ 8 ; Γ 7 ) valence bands. The highest valence band Γ 8 is separated from the conduction band by a large energy gap ε g = 1.6eV (ε g ≡ E(Γ 6 ) − E(Γ 8 )).
In a bulk HgTe due to relativistic effects 7 the Γ 8 band, which "normally" forms the valence band, is now above the Γ 6 band that indicates a negative energy gap ε g = −300meV. The light-hole bulk subband of the Γ 8 band becomes the conduction band and the heavy-hole bulk subband becomes the first valence band. Based on this unusual sequence of the Γ 6 and Γ 8 states, such a band structure is called "inverted".
When Cd(Hg)Te/HgTe/Cd(Hg)Te structures with HgTe quantum well (QW) are grown, for a thin QW layer the quantum confinement gives rise to the "normal" sequence of subbands, similar to CdTe, i.e., the bands with primarily Γ 6 symmetry are the conduction subbands and the Γ 8 bands contribute to the valence subbands (BI phase).
As the QW thickness is increased, the material looks more like HgTe and for wide QW layers the band structure tends to be "inverted". The inverted regime is achieved when QW width, d QW , exceeds a critical value d c ∼ = 6.3nm. At d QW = d c the conduction and valence bands touch each other, which leads to a single-valley gapless 2D Dirac-fermion system 8, 9 where the quantum Hall effect (QHE) can be observed up to nitrogen temperatures 10 . At the critical thickness d c a topological phase transition from a 2D BI with "normal" band ordering to a 2D TI with an "inverted" one occurs 4 . Recent years demonstrate astounding growth in research on topological insulators, the materials that have a bulk band gap like an ordinary insulator but support conducting states on their edge , so-called quantum spin Hall (QSH) states [11] [12] [13] . The first 2D TIs discovered were based on HgTe/Cd(Hg)Te quantum wells 2, 3 . The origin of the 2D TI phase in HgTe/Cd(Hg)Te systems is caused by a peculiar size quantization for HgTe QWs with the inverted band structure 1 . The gap between the ground-state heavy hole subband (H1) and the next adjacent subband exists for QW narrower than 18 nm (for wider wells the QW is in a SM state). While the gap is open, a HgTe-based QW should be a 2D TI having edge states in the gap between subbands . Since the first works 2, 3 and up to now the 2D-TI is the most studied and trendy domain for the HgTe based heterostructures (see, for example, 4,14-17 and ref-erences therein). In wide HgTe/Cd(Hg)Te QWs with an inverted energy band structure (d QW 18nm) a novel 2D electron system has been shown to exist: a 2D SM 5, 6, 18 . The existence of 2D SM in this system is due to the overlap by about a few meV of the conduction band minimum at the center of the Brillouin zone with the side maxima of the valence band. Calculation of the energy band structure 6 shows that a key reason for the overlap in wide QWs is the strain due to the lattice mismatch between HgTe and CdTe.
When the Fermi level crosses both the valence and conduction bands, a number of interesting transport properties caused by the simultaneous presence of 2D electrons and holes have been observed in HgTe QWs.
In SM domain (since the first works of Kvon et al. 5, 6 ) the emphasis is made on a classical magnetoresistance, Shubnikov -de Haas oscillation (SHO) pattern and QHE for two 5, 6, 19 or even three 20, 21 types of carriers in a single 5, 6, 19, 20 or in a double 21 QW, in weakly doped structures 5 or at different density ratios of the two dimensional electrons and holes in the structures with an applied gate voltage V g 6,19-21 . We present a study of quantum magnetotransport in a 20.3-nm-wide HgTe QW grown on the (013) GaAs substrate, symmetrically modulation doped with In at both sides of QW. Formally, we are in a SM phase but doping with In ensures the Fermi level position in the conduction band above the lateral maximum of the valence band. Because of this we observe an ordinary picture of QHE for one type of carriers (electrons) that allows us to investigate more subtle effects of localization -delocalization in the QHE regime. It is an identification of scaling conditions both for the quantum phase plateau-plateau transition and for the variable-range hopping conductivity on the localized states at the Hall plateaus.
QHE plateau-plateau transition, as well as the plateauinsulator transition, in high quality HgTe QW with an inverted band structure were first studied and analyzed within scaling concepts at T = (0.3 − 3.0)K 22 where it was concluded that the applicability of scaling models to this system is problematic.
In our previous work 23 , we have presented the data on the temperature dependence of the PPT width, ν 0 (T ), for a HgTe quantum well with inverted energy spectrum (d QW = 20.3nm). The actual scaling behavior ν 0 (T ) ∼ T κ is observed for the 1 → 2 PPT in a wide temperature range T = (2.9 − 30)K.
Recently, using the scaling approach for the 1 → 2 PPT in non-inverted HgTe QW (d QW = 5.9nm) , Khouri et al. 24 have found an excellent agreement with the universal scaling theory: the scaling coefficient κ = (0.45 ± 0.04) at T = (0.3 − 60)K.
As for the variable-range hopping conductivity in the minima of σ xx , associated with the Hall plateau regions, it is a widely used method for a detection of the localization length divergence in QHE regime at a number of 2D systems (see, for example, Refs [10] [11] [12] [13] [14] [15] [16] [17] [18] in Ref. 25) .
But for the HgTe based 2D system, this method was first used by us 25, 26 : an analysis of the VRH conductivity in the regions of the first and second quantum Hall plateaus provided an opportunity to determine the value and the magnetic-field dependence of the localization length in the HgCdTe/HgTe/HgCdTe heterostructure with a wide HgTe quantum well.
The objectives of this work are:
• to generalize the data obtained by us in Ref. 23 and in Ref. 25, 26 by presenting them in a genuine scale form both for PPT regions and for VRH regime;
• to dovetail our results on PPT and on VRH with a general picture of studies the localization effects in QHE for systems both with short-range and largescale random impurity potential;
• in particular, to compare our results with the data for modulation-doped GaAs/GaAlAs systems.
The analysis has led us to the conclusion that, similarly to modulation-doped GaAs, for PPT in our HgTe QW we are in the intermediate between quantum tunneling and classical percolation region of localization length divergence. On the other hand, the VRH regime in our system is realized by hopping between localized states in the tails of Landau levels, which is within the scope of the laws for classical percolation outside the region of quantum tunneling.
All this indicates the decisive role of the long-range random potential (the potential of remote ionized In impurities) for scattering and localization of carriers in the system under study.
II. CHARACTERISTICS OF THE SAMPLE
The sample is a 20.3-nm-wide HgTe quantum well between Hg 0.35 Cd 0. 65 Te barriers grown on the (013) GaAs substrate, symmetrically modulation doped with In at both sides at distances of about 10 nm spacers. The electron gas density is n s = 1. Fig. 1 for the (001) orientation. We suppose that differences between the calculated (001) and experimental (013) orientations, although introduce some quantitative corrections, would not considerably influence the results of present study. Calculations are performed in an envelope function approach within the framework of 8-band k × p theory self-consistently with the Poisson equation for the charge distribution 27 . In the inverted regime of HgTe QW the first size-quantized heavy hole subband H1 becomes the lowest conduction band as the theory 28, 29 predicts for it an electron-like effective mass. The highest valence band is now the second size-quantized heavy-hole subband H2 with nonmonotonic dispersion law 28, 29 (see Fig. 1 ). A substantial overlap about 6.45meV of the valence H2 and conduction H1 subbands is obtained when the strain is considered in calculations, but this overlap would not be felt experimentally in a single QW at electron densities n s 1.5 × 10 15 m −2 since the Fermi level E F is above the overlap region.
In our system the conduction is carried out by electrons of the H1 subband with a small value of the effective mass at E F : m ef f = (0.022 − 0.026)m 0 for n s = 1. Fig. 2 for the structure whose subband dispersion is presented in Fig. 1 . The LL notation corresponds to the notations of Ref. 27 .
It is seen from Fig. 2 that Landau levels are essentially nonequidistant and nonlinearly depend on magnetic field that is caused by mixed nature of the H1 and H2 subbands in the inverted-band regime due to a coupling between heavy-hole to light-particle states at finite in-plane wave vectors k || . Only the lowest Landau level (N = −2 ↓) of the H1 subband contains pure heavy-hole states, which do not mix with the light-particle states 27 (see also Refs. 33,34 and references therein). In Refs. 33,34 it is shown that this level is of the same nature in two and in three dimensions and it is mapped on the b set level of Guldner et al.
, where
For the set of Γ 8 Luttinger parameters for HgTe (γ 1 = 12.8, γ = 8.4 and κ = 10.5 35 ) we have:
and, according to (1), the level N = −2 ↓ lowers its energy linearly with increasing magnetic field and thus reveals its hole-like character. All the other Landau levels of the H1 subband show an electron-like character: they rise in energy with magnetic field due to the coupling with light-particle states. It is also seen from Fig. 2 that the Landau level of the H2 subband with N = 0 ↓ becomes the highest H2 LL at B 5T as a result of mixing between the heavy and light states 36 . The unusual behavior of the N = −2 ↓ level from the conduction subband H1 in inverted band HgTe QW together with the peculiar dispersion of the N = 0 ↓ level from the topmost valence subband H2 leads to the crossing of conduction-and valence-subband states at a some value B c of the magnetic field (see Fig. 2 ).
Such a behavior is specific for HgTe QW and has been examined theoretically and experimentally (see, for example, Ref. 37). In our case the intersection point is immersed in the thick of valence subband Landau levels and is irrelevant for our measurements, while just the N = 0 ↓ level of the H2 subband appears as the lowest Landau level of the conduction band at B ≫ B c .
Our further plan is as follows. First, to determine the activation energies in ρ xx (T ) in the QHE regime for integer filling factors: i = 1 (the gap between N = 0 ↓ LL of H2 subband and N = −1 ↓ LL of the H1 subband), i = 2 (gap N = −1 ↓→ N = 1 ↑ of the H1 subband) and i = 3 (gap N = 1 ↑→ N = 0 ↓ of the H1 subband). Then to investigate the low-temperature variable-range hopping transport at i = 1 and i = 2 QHE plateau regions and, finally, to analyze the temperature dependence of the 1 → 2 QHE plateau-plateau transition width. Figure 3 shows the magnetic-field dependences of the longitudinal ρ xx and Hall ρ xy resistivities for the sample under study at T = 2.9K. We observe the features characteristic of the QHE regime, i.e., the regions of plateaus in the ρ xy (B) dependences (ρ xy = h/ie
III. EXPERIMENTAL RESULTS AND DISCUSSIONS
2 ) with rather sharp transitions between them: for B ≥ 2T, we can see plateaus with numbers i = 4, 3, 2, 1.
A. Activation energies
We can extract the activation gaps between adjacent LLs from the temperature dependence of the minima in σ xx with a Fermi-Dirac fit and compare the results with theoretical calculations of the Landau level dispersions shown in Fig. 2 . The activation energy achieves its maximum value, E max A , at an integer value of the filling factor ν. The mobility gap width estimated as ∆ = 2E closely related to the energy separation between adjacent LLs: ∆ ∼ = |E N − E N ′ |. Fig. 4 shows a fit of σ xx (T ) dependencies for investigated sample at ν = 1, ν = 2 and ν = 3 by the Arrhenius equation (straight lines in figure) in the range of more than one (for ν = 2 and 3) or even three (for ν = 1) orders of conductivity at T ∼ = (10 − 50)K. Deviations of experimental points from straight lines for T 10K are explained by the variable range hopping among localized states at E F , which usually dominates for sufficiently low T (see section III B). Table I presents a comparison of the extracted activation energies with theoretical calculations from Fig. 2 . It is seen that the experimentally and theoretically obtained energy gaps are in reasonably good agreement and thus the behavior of the sample is well described by our k × p model. In particular, we don't observe an explicit manifestation of a strong Rashba spin-orbit splitting caused by an asymmetry of QW confinement potential (see Fig.  1c in Ref. 27) .
In HgTe-based 2D structures, the activation energies were determined earlier 10 from the temperature dependences of the longitudinal resistivity in the regions of quantized Hall plateaus for the filling factors ν of 1 and 2 in a 6.6 nm HgTe quantum well at magnetic fields up to 34 T at nitrogen temperatures. The indications of the large values of the g-factor (about 30-40) were found. In Ref. 24 the QHE in HgTe QWs with a finite band gap below and above the critical thickness d c (d QW = 5.9nm and 11nm) has been studied up to temperatures of about 50K. They extracted energy gaps between LLs of (40 − 45)meV for ν = 1 and ∼ 25meV for ν = 2 from the temperature dependent magnetotransport measurements, in good agreement with the Landau level spectrum obtained from calculations.
B. Hopping conductivity
In this section we discuss a conduction process within the ranges of quantum Hall plateaus. D.G. Polyakov, B.I. Shklovskii and I.L. Aleiner [38] [39] [40] showed that in the strongly localized electron system in the QHE-plateau regions, the dominant mechanism of the low-temperature transport must be the variable-range hopping (VRH) near E F (see also Ref. 41, 42) . Consequently, the temperature induced conductivity far from a QHE peak should be exponentially small. The exponential factor should grow as E F approaches the LL center due to the divergence of the localization length:
where B N is the value of B at which E F is in the center of N -th LL and the critical filling factor ν c is a half integer value of ν. Here γ is the critical exponent. The analytical calculation of γ is a difficult problem; for the short-ranged impurity potential, numerical methods give γ = 2.35 ± 0.03 (see, for example, reviews 43, 44 ). For noninteracting 2D electrons, the VRH Mott's law gives 45 :
with kT M = β/ξ 2 g(ε F ), where g(ε F ) is the finite density of states at E F and numerical constant β = 13.8 ± 0.8 46 . However, in the QHE regime screening is poor and Coulomb repulsion must be included. This is the EfrosShklovskii (E-S) VRH regime 47 , where the 2D density of states g(ε) ∼ |ε − ε F | yields
with kT 0 = Ce 2 /4πǫǫ 0 ξ, determined by the Coulomb energy on the localization length ξ, C ∼ = 6.2 is a numerical constant, ǫ -dielectric constant.
Measuring T 0 (ν) allows to determine ξ and to probe the scaling law:
The concept of VRH conduction proved to be very productive for the interpretation of thermally activated transport in the plateau regions of the integer QHE. Direct determination of ξ and its scaling exponent from the E-S's VRH was done in previous measurements performed on conventional 2DEGs, including Si-MOSFETs, GaAs/AlGaAs and n-InGaAs/InAlAs heterojunctions, as well as in the monolayer graphene and in other graphene-based low-dimensional structures (see a comprehensive list of references in Ref. 25, 26) .
It is worth to highlight the thorough work 48 where for GaAs/AlGaAs heterostructures the divergence of localization length with exponent γ = 2.3 was estimated. The results 49 for graphene monolayers should be emphasized: it is the first observation of the crossover from the EfrosShklovskii's to Mott's VRH for a quantum Hall system, which happens when the localization length exceeds the screening length set by the metallic gate in accordance with the Aleiner and Shklovskii prediction 40 . For HgTe QW, the first study of the temperatureinduced transport at the QHE resistivity minima corresponding to the QHE-plateau regions was done within the concept of variable-range hopping conductivity in our previous works 25, 26 on the HgTe/HgCdTe system with inverted band structure. Here we revisited this theme summarizing the results obtained and presenting the data in a more universal form.
The longitudinal conductivity σ xx as a function of a filling factor at actual QHE minima near ν = 1, 2 and 3 is presented in Fig. 5 . The activation behavior of T σ xx (T ) on (1/T ) 1/2 in minima with ν = 1 can be seen in the inset of Fig. 7 . Solid lines are the E-S's law (Eq. 5) fit of the data with the temperature T 0 (Fig. 6) obtained from the fitting.
In Fig. 5 we also show the localization length ξ(ν) computed by (Eq. 6) from the values of T 0 (ν), extracted from 
E-S VRH fits of σ xx (T ), for continuous values of the filling factor.
For comparison, a graph of cyclotron radius, R C (multiplied by ten) dependence on ν for different magnetic fields is also shown. The minimal localization length found in the middle of QH plateaus is ξ min ∼ 100nm for ν = 1 (B 1 = 6.3T) and ξ min ∼ 200nm for ν = 2 (B 2 = 3.15T) and ν = 3 (B 3 = 2.1T), which is about ten times larger than R C .
We emphasize that ξ min (ν) dependence is in correlation just with R C (ν) dependence (but not with l B (ν)) in accordance with conclusions of Fogler et. al 50 . The fact that ξ min ≫ R C indicates a large-scale character of the random impurity potential. To probe the universality of a scaling law in the surrounding area of ν c = 1.5 or 2.5 we have plotted all the conductivity data σ xx (ν, T ) as a function of a single pa-
T . The values for γ are taken from the power-law fits of T 0 depending on |ν −ν c | (see Fig. 6 ). An example of scaling behavior for conductivity σ xx as a function of x at ν c ≈ 1.5 is shown in Fig. 7 .
Rescaling the axes shows that all experimental points fall onto straight lines for nearly four orders of conductivity at |∆ν| 0.35 both for ν c = 1.5 and 2.5 . Thus, Figs 6 and 7 demonstrate the accurate enough universal single parameter scaling for the conductivity in the VRH regime at QHE plateaus in analogy with the observations of scaling behavior for VRH in GaAs/Al x Ga 1−x As structure 51, 52 . Note that the exponent values: γ = 1.31 ± 0.03 (0. 
C. Plateau -plateau transition
The integer quantum Hall effect regime can be considered as a sequence of insulator-metal-insulator quantum phase transitions when the density of states of a disordered 2D system is scanned by E F in a quantizing magnetic field. We analyze data on the magnetic-field and temperature dependences of conductivity in the regions of the plateau-plateau transitions within framework of a scaling hypothesis for a quantum phase transition 44 . Let us concentrate our investigation on the region of the transition between the first and second QHE plateaus and analyze the temperature dependence of the transition width in the vicinity of the critical magnetic field (B c = 4.1T). Longitudinal σ xx and Hall σ xy conductivities as functions of the filling factor ν calculated by experimental data on ρ xx and ρ xy in the range 1 < ν < 2 with the critical value ν c = 1.5 is shown in of Figs 8a,b.
For a treatment of the data in a region of (i − 1) → i PPT, we used interpolation formulas via the so-called scattering parameter (see, e.g., Ref. 54 and references therein):
where s varied from 0 to ∞, it is unity at the critical point ν = ν c and exponentially depends on the filling factor in the vicinity of the critical point:
Here ν 0 (T ) is the effective bandwidth of delocalized states at the temperature T . The inset of Fig. 8d shows the log-log temperature dependence of 1/ν 0 for the 1 → 2 transition in the sample under study. We can see that the dependence ν 0 (T ) is described by a straight line with good accuracy in a wide temperature range 2.9 ≤ T ≤ 30K. Thus, the temperature behavior of the transition width is defined by the scaling dependence ν 0 ∼ T κ with the critical exponent κ = 0.54 ± 0.01. This value does not correspond to the "classical" result κ ≈ 0.42 for the short-range scattering potential , however, it correlates well with experimental results for systems with large-scale impurity potentials (see discussion in section IV B).
Test of the scaling with a single parameter s ∼ |ν − ν c |/T κ with κ = 0.54 for the dependences both of σ xx (ν, T ) and of σ xy (ν, T ) at 1 → 2 QHE transition is presented on Fig. 8c,d . It is seen that a scaling behavior is valid for 0.7 s 2.5 at T = (2.9 − 10)K for σ xx and T = (2.9 − 20)K for σ xy .
IV. DISCUSSION OF RESULTS
The plateau-plateau transition (between neighboring quantum Hall liquids through an intermediate metal phase) was considered as an electron localizationdelocalization-localization quantum phase transition already in the first papers on QHE interpretation 55, 56 and is widely treated at present within the framework of a scaling hypothesis (see, e.g., the reviews 43, 44, [57] [58] [59] ). The scaling hypothesis is based on a concept that at the absolute zero of temperature the localization length diverges at the critical energy E = E c of the phase transition at the center of the broadened Landau level with a universal exponent γ (the critical exponent of the localization length) 44, 60 :
where the constant ξ N depends on microscopic details of the randomness and on the Landau band index N . For a short-range random potential ξ N is of the order of cyclotron radius R C 50 . At finite temperatures, the region of delocalized states at the Landau level center can be described by an energy range where the localization length ξ(E) increases to a characteristic length ξ(E) > L ϕ (Fig. 9) . Here L ϕ ∼ T −p/2 is the phase coherence length and the dynamical exponent p depends on the inelastic scattering mechanism.
At ξ(E) < L ϕ electronic states remain localized and the bandwidth ν 0 of delocalized states is determined from the condition ξ(E) ∼ = L ϕ 44,55,56 . Thus the width of the transition between neighboring QHE plateaus, as well as the width of the corresponding peak in the magnetic-field dependence σ xx (B) should tend to zero by the power-law dependence T κ , where κ = p/2γ.
A. Short-range random potential
The theoretical investigations of the critical behavior of noninteracting electrons in the quantum Hall system with the short-ranged disorder potentials led to the conclusion about a single diverging length scale and the results of extensive efforts on numerical simulations for the critical exponent gave the value γ = 2.35±0.03 (see, for example, reviews 43, 44 and the detailed table in the review 57 ). The critical exponent κ = 0.42 experimentally determined for the first time in the classical study 61 for InGaAs/InP systems (κ = 0.42 ± 0.04) is in excellent agreement with the conclusions of new unique studies of Al x Ga 1−x As /Al 0.33 Ga 0.67 As systems in the region of alloy scattering (κ = 0.42 ± 0.01) 62 and with the results of recent studies of the first and second Landau levels (both for electrons and holes) in single layer graphene 49, 63 . The observable exponent κ = 0.42 is compatible with a numerical short-ranged potential value γ ≈ 2.3 for the Fermi-liquid dynamical exponent p = 2 as it is believed to be the case by Li et al. 62 along with the pioneering work of Wei et al. 61 . Although the value of the parameter κ is currently the subject of discussion, there is a consensus that κ = 0.42 indeed describes transitions in the QHE regime (when they are not masked by macroscopic inhomogeneities) for systems with short-range scattering potentials 64, 65 .
B. Large-scale random potential
However, in sharp contrast to the short range alloy potential scattering in InGaAs/InP samples 61 , classical and most studied AlGaAs/GaAs heterostructure has long range Coulomb scattering on remote (by a spacer) ionized impurities which results in nonuniversality of the temperature exponent κ (see both the early [66] [67] [68] [69] and the recent works 51, 52, [70] [71] [72] [73] [74] ). In modulation-doped GaAs/AlGaAs heterostructures the values κ > 0.42 are regularly observed (see Table II in Appendix). In Table 2 the results for critical exponent (κ) values in modulation-doped GaAs/AlGaAs heterostructures from the works of the years 1991-2016 have been collected, and the "nonuniversal" values of parameter κ in the range of (0.5 − 0.75) come to light.
The fact that a slowly varying potential turned out to be the generic type of disorder in the standard AlGaAs/GaAs heterostructure has led historically to semiclassical considerations (percolation picture) of delocalization near the Landau band center. The ideas, which relate localization to the classical percolation in the context of the integer quantum Hall effect, have been developed intensively by a number of authors (see the article of Prange 75 for exhaustive information). In the theoretical calculations, an exponent γ = 4/3 was obtained within a model of classical percolation 53, 76 . On the other hand, after including the effect of quantum tunneling, the universal critical exponent γ = 7/3 results from a model of quantum percolation 76, 77 (see a clear exposition of arguments in a number of reviews 43, 78, 79 model, which is assumed to describe the universal quantum mechanical properties of non-interacting electrons in two dimensions in the presence of a random potential subject to a strong perpendicular magnetic field. An overview of the random network model, invented by Chalker and Coddington, and its generalizations is provided, for example, in 43 . In a seminal paper on percolation and quantum tunneling in the integer quantum Hall effect 80 a network model for localization in the QHE regime has been introduced that made it possible to numerically simulate a system where the disorder potential varies slowly on the magnetic length scale. Using the simplifying features of a slowly varying potential in the model the quantum tunneling and interference effects were incorporated. It turned out that the network model contains the features necessary for a qualitative understanding of the integer quantum Hall effect: localized states in the Landau band tails and extended states in the band center, existing only at one energy. To this extent, the classical picture survives the introduction of quantum tunneling.
There are, however, quantitative changes. In the classical picture, as was shown earlier 53, 76 , the localization length diverges with an exponent γ = 4/3. For the network model 80 the value γ = 2.5 ± 0.5 was found in a reasonable agreement with estimates for a rapidly varying potential.
The modern theoretical network models for the largescale impurity potential with the quantum tunneling give a numerical value of the critical exponent γ ≈ 2.3 in the immediate vicinity of the critical energy E = E c (ν = ν c ) (see 43, 44 and references therein) in accordance with the findings of Ref. 80 . On the other hand, far from the critical energy, dependence of ξ on E − E c (on ν = ν c ) is determined by the model of classical percolation with γ = 4/3 (see Fig. 9 ).
C. Interpretation of our results
A schematic representation of localization length divergences with |ν − ν c |:
is provided in Fig. 9 for a short-range (inset) and a largescale impurity potentials according to theoretical considerations described above.
The solid lines in Fig. 9 are: the dependence (10) with γ = γ P = 4/3 in regions of classical percolation (blue lines) and with γ = γ q in regions of the quantumtunnelling processes (red lines). Here γ q = 7/3 within a modified percolation model 77 and γ q = 2.3 within the modern network model 43, 44 . The dash lines in Fig. 9 show an intermediate region of Eq. (10) with 4/3 < γ < 7/3 (or 2.3) that gives 0.42 < κ < 0.75 (with the exponent p = 2) in the interspace of crossover from a classical percolation to the quantum tunneling as pointed out by Li et.al 62 .
We believe that the critical exponent value for the bandwidth of delocalized states, κ = 0.54 ± 0.01 obtained by us, as well as a number of results with κ = 0.5 − 0.75 for systems with large-scale impurity potentials (see Table 2 The high carrier concentration 24 , achieved by applying gate voltages for a tuning the Fermi energy deep into the conduction band, apparently promotes an effective screening of large-scale potential fluctuations as well as of any inhomogeneities.
As for the variable-range hopping conduction, this mechanism of the low-temperature transport takes place in the regions of localized states at ξ(E) < L ϕ . In these regions, localization length ξ and its critical exponent may be determined by a direct way.
For a short-range potential (see inset on Fig. 9 ) a combination of the values of κ ≈ 0.42 (if p = 2) from an analysis of PPT width at ξ > L ϕ and γ ≈ 2.3 from VRH analysis at ξ < L ϕ should be observed.Just such a situation is, for example, implemented for monolayer graphene 49,63 (except the zero Landau level). Generally, the value of γ ≈ 2.3, which is predicted by a model for a short-range impurity potential 43, 44 , has been observed in a number of works on VRH (see references in Ref. 25, 26) .
On the other hand, in the AlGaAs/GaAs heterostructure (a symmetrical modulation-doped GaAs quantum well bounded by Si δ-doped AlGaAs layers on each side) the values of γ are found to be 1.3 ± 0.2 with a perfect fit of longitudinal conductivity σ xx as a function of the scaling variable for the VRH regions at three filling factors ν = 5, 6 and 7 52 . These values, which correspond to γ = 4/3 in the theories of classical percolation 53, 76 , show that just classical percolation dominates scaling behavior in the samples due to the presence of the long range potential fluctuation caused by remote ionized impurities in AlGaAs.
Cobaleda et al. 81 measured the critical exponent γ in bilayer graphene (encapsulated by h-BN) for a number of PPTs, at different carrier densities tuned by the back gate voltage (V g ), both for negative and positive charge carriers. From the analysis of the longitudinal conductivity in the regime of variable range hopping at different V g , a set of estimates for γ have been obtained with the mean value γ = 1.25 (0.96, 1.54). This value is entirely compatible with a classical percolation picture (γ = 4/3) and is definitely different from the value of γ = 2.38, which has been found in monolayer graphene 49 . In our system, the scaling in VRH regime is realized at a sufficiently large distance from the center of the Landau level: for |ν − ν c | 0.2 (see Fig. 9 ), displaying the divergence of localization length with the exponents γ = 1.31 ± 0.03 at ν c ≈ 1.5 and γ = 0.93 ± 0.03 at ν c ≈ 2.5. Thus, we deal with the hopping between localized states in the tails of Landau levels, that is within the scope of the laws of classical percolation outside the region of quantum tunneling for a long-ranged impurity potential of the remote In ions.
In our sample, two alternative scaling laws for PPT width ν 0 (T ) are valid for different regions of ∆ν, in analogy with Ref. 51 : at |ν − ν c | 0.1 and within 0.2 |ν − ν c | 0.35 for VRH regime, that is indicated in Fig. 9 by the arrows, respectively.
V. CONCLUSIONS
We have measured the longitudinal and Hall resistivities in the quantum Hall regime at magnetic fields B up to 9T and temperatures T = (2.9 − 50)K for a HgTe quantum well with inverted energy spectrum (d QW = 20.3nm). Temperature dependence of the plateau-plateau transitions width, ν 0 (T ), is studied and the actual scaling behavior ν 0 (T ) ∼ T −κ have been observed for the 1 → 2 plateau-plateau transition (ν c = 1.5) in a wide temperature range T = 2.9 − 30K. The extracted critical exponent κ = 0.54 ± 0.01 is in quite good accordance with experimental data for other systems with a large-scale impurity potential.
A set of our experimental data on the temperature dependence of conductance in the minima associated with the Hall plateau regions may be successfully interpreted in terms of the variable-range hopping in the presence of a Coulomb gap. We have found that the hopping conductivity dominates in the regions of both first and second Hall plateaus, thus we used the theory of hopping of interacting electrons to extract, in a straightforward way, the magnetic-field dependence of the localization length, ξ(B). An analysis of the ξ(B) dependence revealed that for the HgTe quantum well we deal with the hopping between localized states in the tails of Landau levels in the investigated range of fields and temperatures that corresponds to the region of classical percolation through a long-range impurity potential of the remote In ions.
The results we obtained suggest the possibility of im-plementing the scaling regime both for the QHE plateauplateau transition (|ν−ν c | 0.1) and VRH regime within the Hall plateau regions (0.2 |ν − ν c | 0.35) in the 2D structures based on mercury telluride. Note that the temperature ranges where scaling laws are observed differs significantly for various materials: from liquid-helium and sub-liquid-helium temperatures for III-V structures to temperatures of 100 K for singleand double-layer graphene. For the studied structure based on HgTe, the range extends to T ≈ 30K due to large cyclotron and spin splittings of Landau levels because of the extraordinarily small effective mass and large g-factor.
VI. APPENDIX
Here is a table of experimental results for critical exponent (κ) values extracted from the temperature dependences of the PPT width in modulation-doped GaAs/AlGaAs heterostructures 51, 52, 62, [66] [67] [68] [69] [70] [71] [72] [73] [74] . 
